The metabolism of glutamine, a physiological substrate of the human kidney, plays a major role in systemic acid-base homoeostasis. Not only because of the limited availability of human renal tissue but also in part due to the lack of adequate cellular models, the mechanisms regulating the renal metabolism of this amino acid in humans have been poorly characterized. Therefore given the renewed interest in their use, human precision-cut renal cortical slices were incubated in Krebs-Henseleit medium (118 mM NaCl, 4.7 mM KCl, 1.18 mM KH 2 PO 4 , 1.18 mM MgSO 4 · 7H 2 O, 24.9 mM NaHCO 3 and 2.5 mM CaCl 2 · 2H 2 O) with 2 mM unlabelled or 13 C-labelled glutamine residues. After incubation, substrate utilization and product formation were measured by enzymatic and NMR spectroscopic methods. Glutamate accumulation tended to plateau but glutamine removal and ammonia, alanine and lactate production as well as flux through GLDH (glutamate dehydrogenase) increased to various extents with time for up to 4 h of incubation indicating the metabolic viability of the slices.
INTRODUCTION
It is well established that the human kidney takes up glutamine from the circulating blood under various physiological and pathophysiological situations [1] [2] [3] [4] [5] [6] . The renal metabolism of glutamine, the major precursor of the ammonium ions excreted in the urine, is of central importance for the regulation of systemic acidbase homoeostasis and for energy provision to renal cells (see [7] [8] [9] for reviews). Despite this, the mechanisms regulating or disturbing the human renal metabolism of glutamine, which cannot be studied in vivo, remain poorly understood; indeed, only a few studies have been devoted to glutamine metabolism in human renal cells in vitro [10] [11] [12] [13] [14] . For these studies, either cultured cells or thick cortical slices prepared by free-hand dissection with a razor blade or suspensions of proximal tubules or microdissected proximal nephron segments have been used.
Each of these experimental models has advantages and drawbacks. Kidney tubules and microdissected nephron segments, which are isolated with collagenase, remain fully differentiated but are only viable for a maximum of a few hours [14, 15] ; therefore, they are not suitable for the study of long-term regulatory effects. Human primary renal cells [11] , like rabbit primary renal cells [15] , can be cultured for several days but they partially dedifferentiate [11, 15] .
Recently, there has been a renewed interest in the use of precision-cut slices particularly for hepatotoxicity and, to a lesser extent, for nephrotoxicity studies (see [16] [17] [18] for reviews); indeed, such slices, which maintain cell heterogeneity and tissue architecture and whose preparation does not require the use of proteolytic enzymes, retain their viability for at least 24-48 h. Surprisingly, despite the potential interest of human precision-cut renal cortical slices for a variety of biological studies, their metabolism has not been investigated specifically. Therefore, to characterize the metabolic viability of this experimental model better, human precision-cut renal cortical slices were incubated in the presence of glutamine as substrate and their glutamine metabolism, schematically represented in Figure 1 , has been characterized. Their pharmaco-toxicological reactivity to valproate, a widely used anti-epileptic drug and a hyperammonemic agent [19, 20] that stimulates human renal glutamine metabolism in vivo [21] , has also been studied.
Figure 1 Schematic representation of glutamine metabolism in human precision-cut renal cortical slices
This scheme shows that (i) the C-1 of [1- 13 C]glutamine is released as 13 CO 2 by the OGDH reaction and (ii) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]2 OG is formed by the GLDH and the alanine, aspartate and PSerAT reactions. AspAT, aspartate aminotransferase; PK, pyruvate kinase; PDH, pyruvate dehydrogenase; CS, citrate synthase.
Preparation of precision-cut renal cortical slices
Fresh human normal kidney cortex was obtained from the uninvolved pole of kidneys removed for neoplasm from 18 h fasted patients. The kidneys were decapsulated and cylindrical cores of 5 mm diameter were prepared from cortical sections with a tissue coring tool (Alabama R&D, Alabama, U.S.A.). The cores were maintained in oxygenated (95 % O 2 and 5 % CO 2 ) ice-cold Krebs-Henseleit buffer and transferred to a Krumdieck tissue slicer (Alabama R&D) filled with oxygenated ice-cold KrebsHenseleit buffer. Preliminary experiments were used to determine settings that produced slices of approx. 250 µm thickness.
Incubation procedure
Short-term incubations were performed for 1, 2 or 4 h at 37
• C in Krebs-Henseleit medium in a shaking water bath in 25 ml stoppered Erlenmeyer flasks with an atmosphere of 95 % O 2 -5 % CO 2 . Four slices were incubated in 2 ml of Krebs-Henseleit buffer (pH 7.4) with either 2 mM unlabelled or 13 C-labelled glutamine in the absence or presence of various concentrations (0.01-1 mM) of valproate, or 2 mM lactate, or 0.2 mM glucose or 5 mM [1-
13 C]-glucose as substrate. When long-term incubations were performed, the slices were floated on to Teflon ® /Vitron rollers, which were carefully blotted and loaded into scintillation vials containing 2 ml of William's medium E No. 22551 supplemented with 2 mM glutamine. Vials were closed with a cap that had a central hole, and placed horizontally on a vial rotator in a humidified incubator set at 37
• C and gassed with 40 % O 2 and 5 % CO 2 . Then the slices were incubated either between 0 and 24 h or between 24 and 48 h after a prior 24 h incubation period.
Incubations were terminated by adding HClO 4 [2 % (v/v), final concentration]. In the flasks in which LDH (lactate dehydrogenase) activity was measured, slices were used for intracellular LDH activity measurement and the medium was collected for extracellular LDH activity measurement before HClO 4 addition. In each experiment, zero-time flasks were prepared with slices by adding HClO 4 before the slices. In all experiments, each experimental condition was performed at least in duplicate.
Analytical methods

ATP and protein content
After the incubation, two slices were homogenized in 0.2 ml of cold 7 % HClO 4 (v/v) using an Ultraturrax homogenizer at 9500 rev./min, and after centrifugation of the homogenate for 5 min at 3000 g, the supernatant was neutralized with 20 % KOH (w/v)/1 % H 3 PO 4 (v/v) before ATP measurement. The slice ATP concentration was quantified by using the method of Lamprecht and Trautschold [22] . Pellets were solubilized in 0.5 M NaOH for protein determination. Total protein was determined according to the method of Lowry et al. [23] using BSA as a standard.
LDH release
At the end of the incubation period, slices were removed, frozen in liquid nitrogen and thawed three times to release intracellular LDH. Enzyme leakage was determined in the incubation medium and compared with total LDH activity (extracellular + intracellular LDH). LDH activity was determined using the method described by Bergmeyer and Bernt [24] .
Metabolite assays
After removing the denaturated protein by centrifugation (3000 g for 5 min), the supernatant was neutralized with 20 % KOH/1 % H 3 PO 4 . Glutamine, glutamate, ammonia, alanine, glucose, lactate, pyruvate and aspartate residues were determined as described previously [25, 26] .
C-NMR techniques
Data were recorded as indicated previously [27, 28] at 125.75 MHz on a Bruker AM-500 WB spectrometer using a 5 mm broadband probe thermostated at 8 + − 0.5
• C. In brief, magnet homogeneity was adjusted using the deuterium lock signal. Supernatants, obtained from three flasks for each experimental condition with one among L-[1-
13 C]glutamine, L-[3-13 C]glutamine or [1-13 C]glucose as substrates, were pooled and lyophilized; then, the lyophilized material was redissolved in 2 H 2 O containing [2-13 C]glycine as an internal standard, and centrifuged (5000 g at 4
• C for 5 min). To obtain absolute quantitative results, special care was taken for data acquisition.
Acquisition parameters were as follows: spectral width, 25 000 Hz; tilt angle, 90
• ; data size, 32 k; repetition time, 50 s; number of scans, 600. We used a standard (WALTZ 16) pulse sequence for inverse-gated proton decoupling [29] . We did not use the NOESY during proton decoupling to avoid the use of the corresponding correction factors. A 1 Hz line broadening was applied prior to Fourier transformation. Peak areas were determined by measuring the integral heights. Chemical shifts were expressed as p.p.m. with respect to tetramethylsilane. Assignments were made by comparing the chemical shifts obtained with those given in the literature [30, 31] .
Calculations and statistical analysis
Net substrate utilization and product formation were calculated as the difference between the total flask contents at the start (zerotime flasks) and after the period of incubation.
When [ 13 C]glutamine species or [1-13 C]glucose was the substrate, the transfer of the C-1 of glutamine or glucose, or of the C-3 of glutamine to a given position in a given metabolite was calculated using the formula: (L m − l m )/(E s − e s ), L m is the amount of 13 C measured in the corresponding NMR peak (or resonance), l m the natural 13 C abundance (1.1 %) multiplied by the amount of metabolite assayed enzymatically, E s the 13 C abundance of the C-1 or C-3 of glutamine or of the C-1 of glucose and e s is the natural 13 C abundance. Note that (E s − e s ) is the specific enrichment of the corresponding species.
Results, presented as means + − S.E.M., are expressed in µmol of metabolite produced or removed · (g of protein)
−1 · (incubation time) −1 (1, 2 or 4 h). Comparisons of two groups were made by Student's t test for paired data. Multiple group comparisons were made by ANOVA on the StatView software. P < 0.05 was considered to be statistically significant.
RESULTS
Time course of glutamine metabolism in human precision-cut renal cortical slices
In each experiment, human renal cortical slices were incubated for 1, 2 or 4 h in Krebs-Henseleit medium. The cellular ATP level was measured as an index of cellular energy metabolism whereas LDH release into the incubation medium was taken as a marker of cell lysis. After 4 h of incubation, the ATP level was 6.9 + − 0.8 µmol/g of protein and the LDH release was < 0.5 % of the intracellular LDH (n = 4); the intracellular LDH activity was 680 + − 88 µmol · (g of protein)
−1 · min −1 and the extracellular LDH activity was 2 + − 1 µmol · (g of protein)
−1 · min −1 . Moreover, the capacity of slices to maintain their metabolic activity after 4 h of incubation was studied by measuring glutamine removal and metabolism as a function of time. Figure 2 shows that glutamine removal and ammonia, alanine and lactate accumulation increased with time. By contrast, the accumulation of glutamate, which is an intermediate of glutamine metabolism, tended to plateau after 1 h of incubation. In these experiments, flux through GLDH Considering that a glutamine molecule contains two nitrogen atoms and that an ammonia, glutamate and alanine molecule contains one nitrogen atom, the nitrogen balance was calculated as the difference between twice the glutamine removed and the sum of the glutamate, ammonia and alanine accumulated; these calculations reveal that the nitrogen found exceeded by 9 + − 13, 24 + − 42 and 97 + − 25 µmol/g of protein when compared with the nitrogen removed as glutamine (332 + − 42, 490 + − 44 and 664 + − 60 µmol/g of protein) after 1, 2 and 4 h of incubation respectively. This suggests that part of the nitrogen found arose from endogenous substrates. This also suggests that part of the carbon products formed in the presence of glutamine might also have been formed from endogenous substrates presumably represented mainly by amino acids arising from cellular proteolysis.
Effect of 1 mM valproate on the metabolism of [ 13 C]glutamine in human precision-cut renal cortical slices
In a series of four preliminary experiments, the effect of increasing concentrations of valproate, a compound known to stimulate ammonia production from glutamine in isolated human kidney tubules [12] , was studied in slices incubated for 4 h with 2 mM glutamine. In the presence of 0.01, 0.1 and 1 mM valproate, ammonia production was stimulated in a statistically significant manner by 34, 51 and 75 % respectively. In the absence of valproate, negligible amounts of glucose
were formed. In the presence of 0.01, 0.1 and 1 mM valproate, glucose synthesis was 13 + − 3, 7 + − 1 and 2 + − 0.3 µmol · (g of protein)
−1 · (4 h) −1 respectively. Then, a series of six experiments was performed to determine precisely the extent to which the carbon products that accumulated in precision-cut human renal cortical slices metabolizing glutamine were formed from glutamine and/or from endogenous substrates. For this, slices were incubated in each experiment for 4 h in the presence of 2 mM [3-
13 C]glutamine, or 2 mM [1-13 C]-glutamine in the absence and presence of valproate at the concentration of 1 mM, which produced the largest effects in the preceding series of experiments; then, substrate utilization and product accumulation were determined by combining enzymatic and 13 C-NMR spectroscopic measurements. Table 1 shows glutamine utilization and product accumulation measured enzymatically. As expected, valproate stimulated mean glutamine utilization without altering glutamate accumulation; it also enhanced mean ammonia, alanine and lactate accumulations but did not alter the small amount of aspartate accumulated. In the absence of added substrate, substantial amounts of ammonia, lactate, glutamate and alanine were also formed from endogenous substrates; under this condition, valproate diminished glutamate and alanine accumulations and stimulated aspartate accumulation in a statistically significant manner (see Table 1 ).
Figures 3(A) and 3(B) show the 13 C-NMR spectra obtained after 4 h of incubation of the slices in the presence of 2 mM [3-
13 C]-glutamine, and in the absence and presence of 1 mM valproate, respectively. The corresponding values of the different resonances are presented in Table 2 . Both in the absence and presence of valproate, the [3- 13 C]glutamine utilized was in good agreement with the glutamine utilization measured enzymatically (see Table 1 ). Tables 1 and 2 show that, 81 (195/241) and 96 % (251/261) of the glutamate accumulated was labelled on its C-3 in the absence and presence of valproate respectively. It can also be seen that the C-2 of glutamate, which was not labelled at the start of incubation, became labelled during incubation with [3- 13 C]glutamine (Table 2 ). This demonstrates the existence of a concomitant degradation and synthesis of glutamate both in the absence and in the presence of valproate; the latter labelling (which also indicates a re-synthesis of the C-3 of glutamate) resulted from the conversion of the [3- 13 C]oxaloacetate synthesized from [3- 13 C]glutamine during the first turn of the tricarboxylic acid cycle into [2- 13 C]2 OG (where 2 OG stands for 2-oxoglutarate) and then into [2- 13 C]glutamate, thanks to GLDH operating in the reductive amination direction. Table 2 shows that aspartate, alanine, lactate and serine were approximately equally labelled on their C-2 and C-3; this clearly demonstrates the passage of the glutamine carbon skeleton through the symmetrical molecules, succinate and fumarate, in the tricarboxylic acid cycle to give rise to oxaloacetate molecules labelled either on their C-2 or on their C-3. The sum of the labelled C-2 and C-3 of alanine, lactate and aspartate (Table 2) divided by the alanine, lactate and aspartate accumulation measured enzymatically (Table 1) gives the proportion of the alanine, lactate and aspartate carbon skeletons arising from glutamine; in the absence and in the presence of valproate, the corresponding values were 34 and 63 %, 30 and 46 %, 57 and 69 % respectively. Note that valproate greatly stimulated the labelling of alanine and lactate but not that of aspartate and serine. Note also that the production of 13 CO 2 from [3-
Comparisons of the results presented in
13 C]glutamine, calculated as the [3-13 C]glutamine removed and not accounted for by the non-volatile 13 C-products accumulated, was not altered by valproate (Table 2) . It is also important to emphasize that, both in the absence and in the presence of valproate and in agreement with the very low glucose production measured enzymatically and reported above, none of the glucose carbons was found to be labelled from [3- 13 C]-glutamine in the NMR spectra shown in Figure 3 . The values derived from the 13 C-NMR spectra (results not shown) obtained with [1- 13 C]glutamine as substrate without and with valproate are given in Table 3 . Again, the [1-
13 C]glutamine removed was in good agreement with the glutamine removal measured enzymatically (Table 1) or with [3- 13 C]glutamine as (Table 2 ) was due to the fact that part of the labelled C-3 of glutamate, equal to the labelled C-2 of glutamate, resulted from the re-synthesis of glutamate after having passed through the tricarboxylic acid cycle. Table 3 also shows that the release of the C-1 of glutamine as CO 2 at the level of the OGDH (2-oxoglutarate dehydrogenase) reaction was stimulated by valproate. Table 4 shows the absolute values of fluxes through the enzymes involved in glutamine metabolism. These values are derived from the combination of the enzymatic and 13 C-NMR spectroscopy results shown in Tables 1-3 with our mathematical model developed for studying renal glutamate and glutamine metabolism [28] . As expected, valproate stimulated mainly flux through GLNase (glutaminase) and, to a much lesser extent, through GLDH, resulting in the increased ammonia production observed in Table 1 . Note that the net synthesis of 2 OG by GLDH and the alanine, aspartate and PSerAT (phosphoserine aminotransferase) reactions shown in Table 4 are in relatively good agreement with the release of 13 CO 2 from [1-13 C]glutamine that can be calculated from the results shown in Table 3 , both with and without valproate. As expected from the results shown in Tables 1 and 2 , valproate stimulated fluxes through AlaAT (alanine aminotransferase) and LDH. Note that the increase in the synthesis of 2 OG caused by valproate during the first turn of the tricarboxylic acid cycle was approximately balanced by the increases in fluxes through PEPCK (phosphoenolpyruvate carboxykinase) and pyruvate kinase. In agreement with the recycling of oxaloacetate, mentioned above to explain the re-synthesis of glutamate, and with the large proportion of the C-3 of glutamine utilized that was not accounted for by the non-volatile 13 C-products found to accumulate The paired Student's t test was used to measure the statistical difference against the control without valproate: *P < 0.05. Substrate utilization and product formation, measured enzymatically, are reported in Table 1 . (see Table 2 ), total flux through OGDH was several times greater than the flux through the latter enzyme during the first turn of the tricarboxylic acid cycle (that can be calculated from the results shown in Table 3 ), both in the absence and in the presence of valproate which did not alter this total flux.
Amount of labelled metabolites removed (−) or accumulated (µmol
· 4 h −1 · g of protein −1 ) Glutamine Glutamate Alanine Lactate Aspartate Serine Experimental condition C-3 C-2 C-3 C-2 C-3 C-2 C-3 C-2 C-3 C-2 C-3 [3- 13 C]
Lactate and glucose metabolism in human precision-cut renal cortical slices
To test if the absence of glucose synthesis from glutamine in human kidney slices was due to a poor gluconeogenic capacity of these slices, a series of five experiments was performed in duplicate in which the slices were incubated for 4 h in 2 ml of KrebsHenseleit medium containing 2 mM lactate, a physiological substrate of the human kidney in vivo [32, 33] and a gluconeogenic precursor in isolated human renal proximal tubules [34] [35] [36] . The utilization of lactate and the accumulation of glucose, pyruvate and alanine were 415 + − 49, 81 + − 12, 42 + − 1 and 69 + − 3 µmol/g of protein/4 h respectively (3.1 + − 0.1 mg of protein/flask; n = 4). This clearly demonstrates that our slices retained an important capacity for glucose synthesis. This also means that the four keygluconeogenic enzymes, pyruvate carboxylase, PEPCK, fructose-1-6-bisphosphatase and glucose-6-phosphatase, were well functional and that the ATP needed for glucose synthesis from lactate was supplied in adequate amounts. Then, we tested if the glucose probably synthesized from glutamine might have been reutilized by our slices. For this, we performed a new series of four experiments in duplicate in which slices were incubated for 2 and 4 h in the presence of a low concentration (0.2 mM) of glucose simulating the maximal glucose concentration that might have been generated by slices incubated with 2 mM glutamine in the preceding series of experiments. The maximal possible formation of glucose from 2 mM glutamine was taken as the mean glutamine unaccounted for by the accumulation of labelled glutamate, alanine, serine, aspartate and lactate over a 4 h incubation period (see Table 2 ). Table 5 shows the results obtained in these experiments. They clearly demonstrate that glucose was used as substrate in a virtually linear manner with time; this linearity was verified in two additional experiments in which the slices were incubated for 1, 2, 3 and 4 h (results not shown). Table 5 also shows that the glucose utilization was accompanied by the accumulation of lactate and alanine. Note that, in the absence of glucose as substrate, very small amounts of glucose were synthesized from endogenous substrates; by contrast, the alanine synthesized from endogenous substrates was in the same range as that synthesized in the presence of 0.2 mM glucose. 13 C]glucose removed and the sum of the non-volatile 13 C-products found (in these calculations, it was assumed that the pyruvate found was labelled as the lactate found; indeed, the 13 C-pyruvate could not be measured because it was not stable during the lyophilization procedure). Enz. means 'lactate, alanine and pyruvate accumulation measured enzymatically'.
Amount of labelled metabolite utilized (-) or accumulated (µmol
Human precision-cut renal cortical slices were incubated with a physiological concentration (5 mM) of [1- 13 C]glucose to characterize the glucose metabolism better. Substrate utilization and product formation, measured after 2 and 4 h of incubation, were approximately linear with time (n = 2; results not shown). A representative 13 C-NMR spectrum obtained after 4 h of incubation is shown in Figure 4 and the values obtained after 4 h in three experiments are presented in Table 6 . Glucose was utilized at high rates, and the only non-volatile products found to accumulate were mainly lactate and to a lesser extent pyruvate and alanine. The large labelling of the C-3 of lactate, and to a lesser extent of alanine, indicates that these compounds were formed from the pyruvate derived from glucose through the glycolytic pathway. The fact that the sum of the labellings of lactate was almost half the lactate enzymatically measured reveals that virtually all the lactate accumulated arose from glucose. The small but significant labelling of the C-6 of glucose means that a small resynthesis of glucose occurred. Finally, the results presented in Table 6 show that a large fraction of the glucose removed was oxidized (see the 13 CO 2 formed).
Long-term metabolism of glutamine and effect of valproate in human precision-cut renal cortical slices Table 7 shows that, in William's medium E which contains various amino acids and 11 mM glucose, the slices retained the capacity to metabolize glutamine for up to 48 h of incubation although at lower rates than those observed with freshly prepared slices incubated in Krebs-Henseleit medium for 4 h (see Table 1 for comparison). The fact that, both in the absence and in the presence of valproate, only a part of the glutamine removed was accounted for by the glutamate accumulated clearly indicates that a large fraction of the glutamate synthesized from glutamine by GLNase was further metabolized by AlaAT and GLDH. The fact that the ammonia found was larger when compared with the glutamine removed is in favour of the operation of GLDH under all experimental conditions. However, the nitrogen balance calculations reveal that the nitrogen found as glutamate, ammonia and alanine greatly exceeded the nitrogen removed as glutamine (two nitrogen atoms per glutamine molecule); this means that nitrogenous substrates other than glutamine (other amino acids present in the incubation medium and endogenous amino acids formed by proteolysis of slice proteins) were also metabolized. An important observation is that valproate addition to the incubation medium approximately doubled glutamine utilization. The increase in glutamine utilization was associated with an approximately equivalent increase in ammonia production and alanine accumulation, indicating an equivalent stimulation of fluxes through GLNase and AlaAT, but no change through GLDH. Note that the sum of the glutamate, alanine and lactate found exceeded by far the glutamine removed. This strongly suggests that a part of the glucose present in William's medium E was metabolized and provided a substantial fraction of the lactate and alanine found. The metabolic viability of the slices at the end of the long-term incubation periods is indicated by their ATP content and their low release of LDH which were 6.9 + − 1.2 and 7.4 + − 0.7 µmol/g of protein and 1.5 + − 0.5 and 0.9 + − 0.6 % at the end of the 0-24 and 24-48 h incubation periods respectively.
DISCUSSION
At first sight, it might appear surprising to use again renal cortical slices, an experimental model that has been virtually abandoned since the 1970s when collagenase became available to isolate kidney tubules or nephron segments or renal cells. In fact, it should be emphasized that the latter experimental models, that are very useful for many studies, suffer from a lack of sufficiently long viability that does not exceed some hours [14, 15] . Similarly, cultured primary renal cells tend to dedifferentiate [11, 15] ; for example, they become highly glycolytic and have a decreased mitochondrial oxidative metabolism [15] . Thus, there is a need for a model that retains its metabolic viability and differentiation over a long period of incubation. As part of a broad study aimed at evaluating the metabolic performances of fresh and cryopreserved slices, we have tested in the present work if precision-cut cortical slices freshly prepared from human kidney could be used for short-term and long-term metabolic and pharmaco-toxicological studies related to glutamine metabolism.
Metabolic viability of human precision-cut renal cortical slices used for short-term and long-term incubations
The fact that the removal of glutamine and the production of ammonia, lactate and alanine increased with time indicates that our freshly prepared human renal cortical slices were metabolically viable for at least 4 h of incubation. Further evidence for the viability of our slices is their ATP level, a classical marker of cellular energy metabolism, which was in the same range as that found recently in isolated human renal proximal tubules [35, 36] .
Given that the mean wet weight/dry weight ratio of the human renal cortex is equal to 5.2 [34] and that proteins represented 90 + − 2 % of the dry weight of our slices (n = 5 experiments in which the slices were dessicated to constant weight), it can be calculated that the mean ATP concentration of our slices was approx. 1.2 µmol/g fresh weight, a value representing 75 % of that measured in vivo by NMR spectroscopy in the intact human kidney [37] . Moreover, unlike isolated human renal proximal tubules whose preparation requires exposition to collagenase and associated proteases [35, 36] , the slices used in the present study, released virtually no LDH. This clearly indicates that these slices maintained their plasma membrane integrity well over 48 h of incubation.
The observations (i) that, both in the absence and in the presence of valproate, the [1-
13 C]glutamine removed was only partially accounted for by the [1-
13 C]glutamate accumulated and (ii) that no [1- 13 C]2 OG accumulated indicates that OGDH also operated at high rates. Interestingly, like the human kidney in vivo [1, 3] , human precision-cut renal cortical slices produced alanine and serine as shown by the enzymatic and/or the 13 C-NMR measurements. This implies that both pyruvate and 3-phosphohydroxypyruvate were synthesized from glutamine and metabolized by the alanine and PSerAT reactions respectively. In addition, the synthesis of [2- 13 C]glutamate from [3-13 C]glutamine clearly indicates that the entire tricarboxylic acid cycle functioned in our slices. Moreover, the production of 13 CO 2 from [3-13 C]-glutamine, which provides a measure of the complete oxidation of glutamine [38] , reveals that a substantial fraction of the glutamine removed in the absence and in the presence of valproate was completely oxidized (Table 2) . Thus, the above findings reveal that precision-cut renal cortical slices, which are much thinner compared with the slices prepared free-hand or with a StadieRiggs microtome, were well-oxygenated. Further evidence for this was obtained in two experiments in which four thin slices (1.24 mg of protein/flask) and four thick slices (5.72 mg of protein/flask) were prepared from the same tissue cores with the Krumdieck slicer and free-hand respectively and incubated in 4 ml of Krebs-Henseleit medium for 4 h with 2 mM glutamine as substrate. In thin slices, the removal of glutamine, the accumulation of glutamate, ammonia, alanine, glucose, lactate, pyruvate and glutamine complete oxidation were 646, 339, 865, 104, 16, 62, 8 and 101 µmol/g of protein/4 h respectively; the corresponding values in thick slices were 340, 193, 487, 108, 18, 51, 7 and 0 µmol/g of protein/4 h respectively (mean values of two experiments). These additional results clearly show that, on the same protein weight basis, thin slices removed much more glutamine and produced much more ammonia than thick slices. A substantial fraction of the glutamine used was completely oxidized in thin slices but not in thick slices.
Maintenance of gluconeogenesis in human precision-cut renal cortical slices
In view of the observation that the human kidney in vivo produces small amounts of labelled glucose from infused-labelled glutamine [5] , the absence of 13 C-glucose synthesis and the very low glucose found in the presence of 2 mM [3-
13 C]glutamine might raise some concerns about the metabolic viability of our slices. In fact, the presence of glucose synthesis observed with 2 mM lactate as substrate rules out the possibility that the gluconeogenic capacity of these slices was lost.
A possible explanation for the virtual absence of glucose synthesis from glutamine in human precision-cut slices is that glutamine is in fact a poor gluconeogenic substrate in the human kidney, at least in vitro; in this regard, it should be pointed out that the amount of glucose synthesized from physiological or nearphysiological concentrations of glutamine by suspensions of isolated human proximal tubules [12] and by microdissected human proximal nephron segments [14] did not exceed by far the amount of glucose either present at zero time or synthesized from endogenous substrates in the absence of glutamine. In agreement with this observation is the low rate of glucose synthesis from 5 mM glutamine observed by Watford et al. [10] in isolated human proximal tubules and from 10 mM glutamine reported by Nakada et al. [13] in human renal cortical slices. Consistent with our view that glutamine is a poor gluconeogenic substrate when compared with lactate is the recent observation by Meyer et al. [33] that lactate gluconeogenesis in the human kidney in vivo is approx. 10 times greater than that from glutamine.
An alternative explanation, which does not rule out the preceding one, for the virtual absence of glucose synthesis from glutamine in our slices is that the glucose synthesized was degraded by the glycolytic segments of the human nephrons present in our slices. The results presented in Tables 5 and 6 and Figure 4 show for the first time that, both at very low and at a physiological concentration of glucose, human renal cortical slices have the capacity to remove this substrate, making this explanation likely.
Reactivity to the pharmaco-toxicological effect of valproate
It is of interest to underline that our slices used in short-term incubations were at least as sensitive as isolated tubules [12] to the ammoniagenic effect of valproate. Interestingly, the slices used in long-term incubations were even more sensitive to the ammoniagenic effect of valproate; this may be due to the presence of glucose (as an incubation medium component) that provided pyruvate which in turn favoured alanine synthesis and therefore glutamate metabolism through the AlaAT reaction, and glutamine metabolism through the GLNase reaction, the main target of the ammoniagenic effect of valproate.
Another interesting new observation made from the results presented in Table 2 is that the labelled C-3 of glutamine that was removed and unaccounted for by the 13 C-labelled products accumulated did not change in the presence of valproate. Thus, the valproate-induced stimulation of glutamine removal was accompanied by an increase in partial oxidation but not in complete oxidation of the glutamine carbon skeleton metabolized. Therefore this indicates that flux through pyruvate dehydrogenase, which was not detected by the labelling of the C-4 and C-5 of glutamate in the presence of [3- 13 C]glutamine (see [38] for further explanation), was not increased despite an increased synthesis of pyruvate. Finally, another new piece of information provided by this study is that, at least in vitro, serine carbon may originate from glutamine carbon.
In conclusion, our study clearly demonstrates that human precision-cut renal cortical slices incubated not only for short periods (up to 4 h) but also for much longer periods (up to 48 h) are metabolically viable at least when glutamine metabolism is concerned. In addition, like suspensions of human proximal tubules [12] and the human kidney in vivo [21] , they retain their full capacity to respond to the ammoniagenic effect of valproate, a well-established stimulator of human renal glutamine metabolism. Thus, compared with other experimental models used in vitro, these slices appear to be suitable for metabolic and pharmacotoxicological studies.
